Sludge conditioning is an important stage in sludge management. In the present study, a sequence of freeze/thaw-electro-Fenton process was designed and specifi c resistance fi ltration (SRF) was monitored during sludge conditioning as an important factor in sludge dewaterability. Furthermore, protein and polysaccharide concentrations were measured during the experiments. Results showed that the lowest SRF value contributed to -10 o C in freezing process which showed a reducing trend by decreasing solution pH. In addition, results revealed that solution pH less than 3 caused a signifi cant improvement in sludge dewatering; so the lowest SRF has been registered at pH = 2. By increasing current intensity from 0.5 to 1A, SRF values were reduced and then followed by an enhancement with increasing current intensity to 3.2 A. The lowest SRF value (6.1 × 10 4 m/kg) was obtained at H 2 O 2 = 30 mg/L which was the best conditions for sludge dewatering.
INTRODUCTION
Nowadays, huge quantities of waste activated sludge (WAS), known as bio-sludge, have been produced from wastewater treatment plants, specifi cally municipal wastewater treatment plants, which should be properly managed and disposed of low solids, resistant to dewatering increase their operational and economic costs 1 . Dewatering is known as a critical stage in sludge processing which not only decreases the amount of produced sludge, but also leads to decreasing the sludge transportation and disposal expenses. But, bio-sludge process has lots of bonded and hybrid water, which make the dewatering process so diffi cult. Moreover, extracellular polymeric substances (EPS ) are present in varying quantities as the hydrate capsule surrounding the bacterial cell wall and viscous polymers in the activated sludge which lead to huge diffi culties in sludge dewatering 1 . Moreover, polysaccharide, protein and DNA, that are the main compounds of EPS, keep water inside them and increase the activated sludge viscosity 2, 3 . It is found that EPS, which contains high amounts of sludge, is a key factor in binding to high quantities of water (i.e., bound water) 4, 5 . An EPS network with negative surface charges not only has signifi cant effect on protecting hydrated sludge structure, but also can lead to hampering the release of water and internal substances (e.g., heavy metals) 6 . Consequently, dewatered sludge cake has huge amount of water and high quantity of sludge for disposal 6, 7, 8 . Hence, EPS destruction and the lysis of sludge microorganisms have been recognized as the critical factors in increasing water discharge from sludge fl ocs 4, 9 . Regarding the high stringent disposal regulations, the suitable sludge conditioning processes have to be selected, prior to dewatering 10 and could be used by various methods of sludge dewatering such as physical conditioning (freeze/thaw and melting and etc.), chemical conditioning (polyelectrolytes, or Fe and Al salts, Fenton reagents etc.) or by electrochemical conditioning
11
. It was observed that freeze/thaw conditioning is an effi cient physical sludge conditioning approach. The primary aim of this method is that during freezing time, ice crystals grow incorporating water molecules
12, 13
. Since the ice crystal structure is quite formed and isochronous, it is not able to carry the extra atoms or molecules. The ice crystals become to amplify since the water molecules are available. All other impurities and solid particles are forced to the boundaries of the ice crystals where they become either compressed or dehydrated. Such method alters sludge fl ocs into a compacted form, decreases the amount of sludge bound water and improves the sludge quality for settling and fi ltration
7
. Omerci (2004) reported that an increase in the amount of cations did not lead to the improvement of the freeze-thaw conditioning of activated sludge. Improvement of dewaterability and settleability of activated sludge after freeze-thaw conditioning were declined with an enhancement in the amounts of cations. Moreover, the type of cation would be an effective agent in determination of the effi ciency of freeze-thaw conditioning 14 . Also, Ormeci and Vesilind (2001) 15 studied the role of freeze/thaw conditioning on alum sludge and waste activated sludge and concluded that freeze/thaw conditioning effectively dewatered alum and activated sludge. However, alum sludge was likely to freeze/thaw better than activated sludge, due to its low dissolved ion and organic matter content. The large amounts of dissolved ions and organic substances in waste activated sludge not only led to the improvement of trapping fi ne particles during freezing, but also declined the effi ciency of freeze/ thaw conditioning 16 . The Fenton reaction causes dissociation of oxidant and formation of highly reactive hydroxyl radicals that attack and destroy the organic components like EPS which have been discussed and demonstrated to be effi cient in the process of sludge dewatering. Fenton reaction has also several important advantages such as short reaction time, iron and H 2 O 2 are economic and nontoxic and process is easy to run and control 17, 18 . electro-Fenton process is a promising method which is capable of oxidizing the organic compounds. In electro--Fenton, one or both reagents (e.g., Fe 2+ and H 2 O 2 ) of Fenton oxidation are electrochemically generated when Fe 2+ is electrochemically generated at anode and H 2 O 2 is added outside of reactor, hydroxyl radical (HO _ ) as main product of Fenton process, is generated which non-selectively oxidize the organic compounds with E 0 = 2.8 V. Moreover, electro-generated Fe 2+ along with hydroxide ions generated at cathode, produce Fe(OH) 3 as a coagulant agent which can coagulate different compounds. Indeed, electro-Fenton process is a combination of coagulation and oxidation mechanisms which simultaneously occurs at electrochemical cell. Eqs. ( (1)- (4) . (1) (2) (3) (4) Since the application of freeze/thaw and Fenton has been studied to date as only effi cient process for sludge dewaterability, the aim of this study is applying a sequence of freeze/thaw-electro-Fenton process for dewaterability of waste activated sludge.
MATERIAL AND METHODS

Chemicals
H 2 O 2 (30%) for Fenton reaction, Bovine Serum Albumin (BSA) and Coomasie Brilliant Blue (C.B.B) for determination of protein concentration, phenol and H 2 SO 4 (98%) for determination of polysaccharide concentration were purchased from Merck, Co, Germany.
Sampling and characterization of raw sludge
Waste activated sludge samples (WAS) were collected from sludge recirculation line of Choneibeh wastewater treatment plant (Ahvaz, Iran). For minimizing the activity of microorganisms, the obtained sludge samples were kept at 4 o C and the experiments were performed in around 24 h. The chemical characteristics of raw WAS including pH, TS (mg/L), TSS (mg/L), SVI (mL/g), COD (mg/L) dissolved iron (mg/L) and specifi c resistance to fi ltration (SRF) were measured, according to standard methods for examination of water and wastewater
26
.
Freeze/thaw conditioning procedure
Freezing was achieved by fl oating 100 mm diameter copper-bottomed containers of waste activated sludge on a subfreezing glycerol bath located in cold room. Bath temperature (-10, -15, -20 and -25 o C) was controlled by changing the temperature of the cold room for 36 h. The container was capped with insulation to inhibit freezing from the top down, and rigid insulation was placed around the container to insulate the sides and provide buoyancy. Thaw process was done in room temperature during 10 h. In order to investigate the dewaterability of treated sludge after freezing and thawing, SRF was measured by vacuum fi ltration process. In brief, a treated sludge sample (100 mL) was poured into a 9 cm standard Buchner funnel equipped with pre-wetted fi lter paper (1.2 μm glass fi ber fi lter), and vacuumed for 20 min with a constant vacuum pressure of 50 kPa. The fi ltrate volume and the fi ltration time were recorded. Also, the fi lter paper was analyzed to measure the water content of the trapped sludge cake in the fi lter
21
. By plotting a straight line of fi ltrate volume vs. time/volume, SRF value can be calculated as slope of the line and computed by equation 5 22 :
where, r is specifi c resistance to fi ltration (m/kg), P is vacuum pressure of fi ltration (N/m 2 ), μ is viscosity of fi ltrate (normally taken as that of water at fi ltrate temperature) (Ns/m 2 ), V is volume of fi ltrate (m 3 ), t is fi ltration time (sec), w is weight of dry solids per volume of fi ltrate (kg/m 3 ) A is area of the fi lter paper (m 2 ) and R f is resistance of fi lter medium (1/m).
Electro-Fenton procedure
A 1 L cubic glass box with four iron plates in bipolar mode was used as an electro-Fenton reactor to study the enhancement of the dewaterability of WAS. Each plate (3×15 cm, thickness of 3 mm) was connected parallel to negative or positive polar of a DC power supply (Model: PS 303D) with variable current intensities (0-3.5A).
For each run, 0.6 L of waste activated sludge was introduced in the reactor. The solution was also magnetically stirred during experiment and reaction temperature was kept at 26-28 o C. pH of solution was continuously monitored and adjusted to desired value with 0.5 N H 2 SO 4 every 5 min where the volume of acid was less than 3 mL. All experiments were conducted in batch mode.
Electro-Fenton process was initiated by passing electrical current through iron electrodes which were immerged inside WAS and followed by addition of H 2 O 2 to the reactor. Operational parameters including pH (2 to 5), current intensity (0.5 to 3.2 A), reaction time (10 to 60 min) and H 2 O 2 dosages (20 to 100 mg/L) were studied consecutively according to one factor at the time experimental design. After each run, SRF was measured based on the vacuum fi ltration method 22, 23, 24 .
Analytical methods
Protein concentration
According to Bradford method, the Bradford indicator was prepared in 0 to 50 mg/L. 0.2 mL of each concentration was poured in test tubes and added 5 mL Bradford indicator. After 15 min, the released EPS and protein dosage in sludge supernatant were determined via a T6 UV-visible spectrophotometer (PGeneral, China). The Coomassie Brilliant Blue G-250 approach with BSA as standard was used to fi nd the concentration of protein at 595 nm 23 .
Polysaccharide concentration
According to phenol sulfuric acid method, fi rstly glucose stock solution (commonly standard material for phenol sulfuric acid method) was prepared and diluted with different ratios to obtain 0 to 100 mg/L concentration solutions. 0.5 mL of each solution was poured in test tubes and 0.5 mL phenol solution 5% W/V and 2.5 mL sulfuric acid 98% was added to each tube. After 10 min, the amount of polysaccharides was determined using phenol-sulfuric acid method via glucose as standard and measurement of its absorbance at 490 nm 24 .
RESULT AND DISCUSSION
Characteristics of raw waste activated sludge were determined in triplicate and the average values are represented in Table 1. temperatures. When freezing temperature decreased, protein and polysaccharide concentrations witnessed an increase in sludge supernatant consequently.
Sludge dewatering through electro-Fenton process Eff ect of pH
The effect of pH on SRF values is illustrated in Figure 2a . All samples were tested in constant operational conditions (I = 0.5A, t = 20 min, H 2 O 2 = 30 mg/L). As shown in Figure 2a , SRF values in solution pH 2, 3, 4 and 5 were 7.34×10 11 , 7.3×10 13 , 7.4×10 13 and 9×10 13 m/kg, respectively. By reducing acidity, SRF values witnessed a considerable increase. Results showed that pH <3 caused signifi cant improvement in sludge dewatering; so the lowest SRF were observed at pH = 2. As pH is a key parameter during Fenton reaction, in acidic solution, iron acts as a catalyst and resulting in decomposition of H 2 O 2 and formation of hydroxyl radicals. On the other hand, ferric ions tend to formation of ferric hydroxide at higher pH (pH > 4), precipitated which cannot return to Fe 2+ leading to the reduction of Fenton oxidation effi ciency
31, 32
. Also, low pH levels lead to the separation of EPS from the sludge particles and destruction of this material. These changes decrease bonded water and the stability of cell microorganisms increased fl ock size and sludge fi ltration. These phenomena improve sludge compressibility and reduce SRF values 20, 33 . Rusong Mo and Wang reported that the reduction peak of SRF and highest dry content of sludge cake were happened in pH range of 2 to 3 34, 35 . Protein and polysaccharide concentrations during Fenton reaction are illustrated in Figure 2b . According to the fi gure, protein and polysaccharide concentrations in pH 2, 3, 4 and 5 were 0.38, 2.46, 4.1, 6.1 and 0.42, 1.5, 2.1, 3.48 mg/L, respectively. Because of reducing acidity in electro-Fenton reaction, EPS isolated from the bacterial cell was dissolved and protein and polysaccharide concentrations in sludge supernatant were increased and dewaterability was decreased 36, 37 .
Eff ect of current intensity
The effect of different current intensities (0.5 to 3.2 A) on sludge dewatering was shown in Figure 3a . All 16 . Figure 1a shows SRF values of different freezing temperatures. m/kg, respectively. By increasing current intensity from 0.5 to 1 A, SRF values were reduced and then followed by an enhancement with increasing current intensity to above 1 A. Electro-Fenton process, in low current intensities and voltages, led to decomposition of some organic materials and consequently releasing intracellular water. But, increasing current intensity and voltage caused destruction of bacterial cell walls and sludge fl ocs and their size becomes smaller and created many fi ne particles in sludge matrices and caused a reduction in sludge dewaterability 38 . It has been hypothesized that current intensity increased ferrous ion production. According to equation 6, excessive ferrous ions may react with hydroxide radicals and decrease process effi ciency 39 .
(6) Figure 3b shows the obtained protein and polysaccharide concentrations in different current intensities. According to the Figure, with an enhancement in current intensity from 0.5 to 3.2 A, protein and polysaccharide concentrations were increased from 0 to 5.8 mg/L and 1.1 to 5.8 mg/L, respectively. When current intensity increased, the bacterial cell was destructed and their intracellular substances was poured out. Consequently, protein and polysaccharide concentrations were increased in supernatant 40 . This fact is in line with the fi ndings of previous research reported by Gharibi et al. (2012) and Yuan et al. (2011) 36, 40 . Therefore the lowest SRF value was obtained at H 2 O 2 concentration of 30 mg/L which was best condition for sludge dewatering. According to Fenton reaction, the hydroxyl radicals increased by increasing hydrogen was obtained at 20 min contact time. According to the obtained results, sludge dewaterability was improved for 20 min reaction time and SRF value was increased with increasing reaction time. Since electro-Fenton process effi ciency depends on reaction time and duration of exposure to electric current, this period should not be either extremely short or long. Furthermore, electro--Fenton process effi ciency decreased in long reaction time because of the fact that fl ocs destroyed with increasing reaction time above 20 min and created many fi ne particles in sludge matrices. These phenomena caused diffi culties in sludge dewaterability 41 . peroxide concentration 39 . These radicals caused EPS destruction and decreasing sludge bonded water which increased sludge fl occulation and fl ock size. Also, the hydroxyl radicals degraded sludge organic matter to CO 2 , H 2 O and inorganic salts and improved dewaterability and sludge fi ltration
Eff ect of reaction time
3
. On the other hand, by increasing H 2 O 2 dosage above 30 mg/L, SRF values increased to 3.95×10 6 m/kg and also a decrease was happened in sludge dewatering. Because of high values of hydrogen peroxide, hydroxyl radicals reacted with H 2 O 2 (Eq. 4) and prevented the main reaction between organic materials and hydroxyl radicals 39 .
Protein and polysaccharide concentrations are shown in Figure 5b . Accordingly, protein and polysaccharide concentrations, in different H 2 O 2 concentrations, were 6.5, 4.5, 3.9, 2.86, 2.2, 1.9, 1.5 mg/L and 7.2, 5, 4.6, 4, 3, 2.8, 2.5 mg/L, respectively. Protein and polysaccharide concentrations decreased with increasing H 2 O 2 dosage which may be derived from the oxidation of extracellular polymeric materials in the presence of H 2 O 2 .
CONCLUSION
Waste activated sludge management is a costly stage in wastewater treatment plants. Indeed, the application of sludge conditioning process to enhance dewaterability has attracted a great attention in last decades. The obtained results of experiments showed that a sequence of freezing (-10 o C)/ thawing (room temperature)/ elctro-Fenton (pH = 2, current intensity = 1 A, reaction time = 20 min and H 2 O 2 dosage = 30 mg/L) was the optimum conditions for best dewaterability enhancement. Electro-Fenton process is a promising technique to enhance dewaterability, due to the onsite generation of iron.
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